BACKGROUND: Hepatorenal syndrome (HRS) is a common complication among patients with cirrhosis, primarily attributable to vasodilation of renal vessels. Vasoactive agents are commonly used to treat HRS. The present network meta-analysis compares the vasoactive agents used in HRS. METHODS: We searched electronic databases for appropriate randomized controlled clinical trials in patients with HRS, comparing active interventions with either placebo or standard of care. The primary outcome was complete HRS reversal; secondary outcomes included partial HRS reversal, mortality, adverse events, and cardiovascular adverse events. The data were pooled using a random effects model. We also carried out direct comparisons for the primary outcome with trial sequential analysis. RESULTS: A total of 16 studies were included in the systematic review. Rates of complete HRS reversal were significantly higher with terlipressin and noradrenaline combined with albumin than with placebo (OR 6.65, 95% CI: 2.08-21.31 and 6.81, 95% CI: 1.87-24.83, respectively). No significant differences were observed in terms of mortality, partial HRS reversal, or adverse events for any of the interventions. However, cardiovascular adverse events were significantly higher with continuous-infusion terlipressin/albumin (OR 7.07, 95% CI: 1.23-40.62), bolus terlipressin/albumin (OR 7.39, 95% CI: 1.89, 28.94), octreotide/midodrine/albumin (OR 9.85, 95% CI: 1.1, 88.1), and noradrenaline/albumin (OR 15.24, 95% CI: 2.1, 112.6) than with albumin alone. Trial sequential analyses revealed adequate evidence to conclude that terlipressin combined with albumin was effective in achieving complete HRS reversal. DISCUSSION: Terlipressin combined with albumin shows strong evidence of improving short-term survival in patients with type 1 but not type 2 HRS. Through indirect comparison, noradrenaline with albumin was also associated with significant benefits in terms of HRS reversal.
INTRODUCTION
Hepatorenal syndrome (HRS) is characterized by reduced renal function due to diminished blood flow to the kidneys in advanced stages of cirrhosis. Among patients with cirrhosis, the prevalence of HRS ranges from 4 to 39%, 1 and is frequently precipitated by spontaneous bacterial peritonitis. 2 Mortality for HRS is high, varying between 50 and 100%. 3 Two types of HRS have been identified: type 1 is associated with rapid and progressive impairment of renal function, with elevated serum creatinine within 2 weeks, while type 2 HRS has a slower time course. 4 Guidelines recommend the use of vasoconstrictors such as vasopressin analogs, noradrenaline, octreotide, and midodrine with albumin as first-line treatment in the management of HRS. 5, 6 Direct pairwise meta-analyses have shown that the vasoconstrictors noradrenaline and terlipressin may both be useful in reversing HRS. 7, 8 The efficacy of renal vasodilators such as low-dose dopamine have also been explored in HRS. 9 However, not all vasoactive agents have been assessed in direct comparison trials. Mixed treatment network metaanalysis compares the interventions available for treating a condition through a common comparator, and thus may be helpful for comparing the relative effects of the interventions. 10 The purpose of our study was to conduct a network meta-analysis to compare the interventions used for treating HRS, with complete HRS reversal as the primary outcome measure.
METHODS
We registered the protocol for this review in the PROSPERO database (CRD42017069818). We searched PubMed and the Cochrane Central Register of Controlled Trials (CENTRAL) using an online strategy (Supplementary Appendix 1). No limits were applied for either publication year or language, and the search was completed on 20 June 2017. We manually searched the references of retrieved articles for additional references.
We included randomized controlled clinical trials conducted among adults with either type 1 or type 2 HRS, where one active medication was compared with either placebo or another active medication. Complete HRS reversal was the primary outcome measure, and secondary outcome measures included partial reversal of HRS, mortality, adverse events, and cardiovascular adverse events.
Two authors independently performed the literature search and extracted information regarding the trial site, year, trial methods, participants, interventions, and outcomes; disagreements were resolved through discussion. Our meta-analysis was carried out according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 11 We assessed the risk of bias of included studies using the Cochrane risk of bias tool, 12 and publication bias using funnel plots as well as the Egger regression test. 13 A random effects model was used to assess the direct and mixed treatment effect estimates. Odds ratios (95% confidence interval) were used as the effect estimate for all outcomes. We assessed for inconsistency between direct and indirect pooled effect estimates through the use of H statistics, wherein a value of <3 was considered minimal, 3-6 modest, and >6 large.
14 Subgroup analyses were carried out for type 1 and 2 HRS for complete HRS reversal and mortality. Trial sequential analysis (TSA; Copenhagen Trial Unit, Copenhagen, Denmark) was performed to assess the likelihood of the occurrence of either a type I or type II error in comparisons of terlipressin combined with albumin and noradrenaline combined with albumin compared to albumin alone, according to the information size achieved until the date of complete HRS reversal and mortality. 15 We used the O'Brien-Fleming alphaspending function method to assess the statistical significance of the pooled estimate. 16 MetaXL was used for the analyses of pooled estimates. 17 Direct, indirect, and mixed treatment comparison estimates were generated for all eligible outcomes, and a network meta-analysis was carried out for the mixed treatment comparison estimates. Grading of the evidence for key comparisons was carried out using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) working group approach. 12 
RESULTS
A total of 232 articles were identified, among which 16 [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] studies were included in the systematic review and metaanalysis (Supplementary Appendix Fig. 1 ). Key characteristics of the included studies are provided in Supplementary Appendix Table 1 . Five studies compared the combination of noradrenaline and albumin with terlipressin and albumin; six compared the combination of terlipressin and albumin with albumin alone; one each compared 1) combined terlipressin and albumin with combined midodrine, octreotide, and albumin; 2) octreotide with albumin; 3) combined terlipressin and albumin with combined dopamine, furosemide, and albumin; and 4) continuous infusion of terlipressin with albumin. One study compared combined noradrenaline and albumin with midodrine, octreotide, and albumin. Two of the included studies 23, 33 were conference abstracts, for which risk of bias for the individual domains could not be assessed. The risk of bias for the individual domains for the included studies is presented in Supplementary Appendix Figure 2 .
Pooled Results
Primary Outcome. A total of 12 studies including 762 participants were pooled for the network meta-analysis of complete reversal. Five studies compared the combination of noradrenaline/albumin with terlipressin/albumin, and four compared terlipressin/albumin with albumin. One study each compared 1) terlipressin/albumin with combined midodrine/octreotide/albumin, 2) noradrenaline/albumin with midodrine/octreotide/albumin, and 3) continuous infusion of terlipressin/albumin with terlipressin bolus/albumin.
Of the 12 studies that investigated complete HRS reversal, the average duration of the interventions was 2 weeks. Seven studies assessed outcomes at 3 months, and one each assessed outcomes at 15 days, 30 days, 6 months, and until death or liver transplantation. The sample size ranged from 22 to 196 participants. Patient age ranged from 48.2 to 65 years, with women comprising 13 to 46.4% of participants. In all three studies comparing two vasoactive agents, interventions were administered for 2 weeks, with follow-up of 3 months. Sample size ranged from 23 to 71 participants, aged 52.9 to 65 years, with women comprising 32.3 to 34.9%.
Mixed treatment comparisons of the interventions with albumin showed a significant increase in the proportion of individuals with complete HRS reversal with terlipressin/ albumin (OR: 6.7, 95% CI: 2.1-21.3, Fig. 1 ), noradrenaline/ albumin (OR 6.8, 95% CI: 1.9-24.8), and continuous infusion of terlipressin/albumin (OR: 9.9, 95 CI: 2.2, 44.2), but not with midodrine/octreotide/albumin (OR 0.3, 95% CI: 0.02, 3.1). Small inconsistencies were observed between the direct and indirect comparison pooled estimates (Hranging from 1 to 1.8).
Secondary Outcomes. No significant differences were observed between the interventions in the mixed treatment estimates for partial HRS reversal (seven studies, 395 participants; Table 1 ), HRS recurrence (four studies, 92 participants), mortality (15 studies, 908 participants, as follows: seven studies assessing mortality at 3 months, two each at 15 and 30 days, one at 6 months, one with follow-up until death or liver transplantation, and two studies that were conference abstracts with no mention of follow-up periods) or adverse events (eight studies, 630 participants). Data from a total of seven studies including 377 participants were pooled for the analysis of differences in cardiovascular adverse events, and all except the combination of dopamine, furosemide, and albumin were associated with high risk (Table 1) .
Subgroup Analyses
Subgroup analyses for complete HRS reversal in type 1 HRS patients revealed a benefit for terlipressin/albumin (OR 5.8, 95% CI: 1.5-22.1; Fig. 2 ), noradrenaline/albumin (OR 6.4, 95% CI: 1.5-28), and continuous-infusion terlipressin/albumin (OR 8.7, 95% CI: 1.7-44.1) compared to albumin alone. No significant differences were observed for terlipressin/albumin (OR 1.23, 95% CI: 0.1-4.2) or midodrine/octreotide/albumin (OR 5, 95% CI: 0.2-146.4) for type 2 HRS. Similarly, no significant differences were observed in mortality risk for type 1 or type 2 HRS.
Sensitivity Analyses
No publication bias was detected using either funnel plots or statistical tests for the comparison of combined noradrenaline and albumin with combined terlipressin and albumin, for either complete HRS reversal (Egger regression, p = 0.38) or mortality (p = 0.7), or for the comparison of combined terlipressin and albumin with albumin alone for mortality (p = 0.07). Due to the paucity of studies, publication bias could not be assessed for other comparisons.
The exclusion of studies reporting outcomes at other than 3 months produced no significant changes in the mixed treatment comparison pooled estimates. Similarly, exclusion of the results from conference abstracts resulted in no significant changes to our pooled estimates.
Trial Sequential Analysis
Trial sequential analysis suggested that only the HRS complete reversal comparison between terlipressin/albumin and albumin alone was robust against error (Fig. 3) . The reported benefit for HRS reversal for noradrenaline/albumin compared with albumin alone could represent a type I error. The lack of mortality benefit for both terlipressin/albumin and noradrenaline/albumin compared to albumin alone is at risk of being a type II error.
Grading the Evidence
Our grading of the quality of evidence for key comparisons is provided in Table 2 . We conclude that the quality of evidence is very low due to serious limitations with regard to risk of bias, publication bias, and precision of the estimates.
DISCUSSION
We conducted a network meta-analysis to compare the pharmacological treatment of HRS in patients with cirrhosis. Results revealed that there was adequate evidence that the combination of terlipressin and albumin was superior to albumin alone in achieving complete reversal of HRS in type 1 patients. We also found evidence that the combination of noradrenaline and albumin and the combination of continuous infusion of terlipressin and albumin were more effective than albumin alone for type 1 HRS, though our TSA analysis suggests that this is a preliminary finding, requiring additional evidence. The combination of midodrine/octreotide and albumin was not found to be superior to albumin alone. No differences were observed between the interventions in terms of mortality, adverse events, or HRS recurrence. Regimens that included terlipressin, noradrenaline, or the combination of midodrine/ octreotide were associated with a significantly greater risk of cardiovascular adverse events compared to albumin alone. Vasodilation of the renal arteries is the underlying pathophysiology for HRS. 34 The combination of vasoconstrictors and albumin is the first-line management for type 1 HRS. 35 Profound splanchnic vasodilation in patients with portal hypertension also results in reduced renal perfusion. 36 Low-dose dopamine selectively dilates renal blood vessels and can ameliorate the signs and symptoms of HRS. Our results suggest that terlipressin may perform better, likely because it promotes vasoconstriction in both systemic and splanchnic blood vessels, and also dilates intrahepatic portal vessels, reducing portal hypertension. 37 A previous meta-analysis comparing terlipressin with noradrenaline concluded that noradrenaline was an attractive alternative to terlipressin. 38 Although both performed well in terms of achieving complete reversal of type 1 HRS, none of the agents reduced mortality or HRS recurrence after cessation of vasoconstrictor administration, a finding similar to those of previous meta-analyses. 7, 8 Therefore, adding vasoconstrictors may temporarily improve the patient's symptoms, but subsequent liver transplantation may be necessary for long-term survival. 39 One advantage with a TSA approach is that it allows the analyst to assess the likelihood of error, either reporting a difference that does not exist (type I) or reporting no difference when there is one (type II). Our finding that terlipressin and albumin were superior to albumin alone appears robust against error, though our other findings require additional trials to protect against error.
Our study has a number of limitations. First, we did not search Embase for potential articles, though our manual review of included studies revealed no additional references. Second, variations in vasoconstrictor dose were not assessed. Finally, the specific criteria for establishing HRS in patients were not provided in most studies.
We conclude that there is adequate evidence to recommend the combination of terlipressin and albumin for reversing type 1 HRS. Through indirect comparison, noradrenaline with albumin was also found to be associated with significant benefits in terms of HRS reversal; however, our TSA analysis suggests that the data are not adequate to exclude a type I error. Thus further studies are needed.
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